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Abstract  The low-molecular-mass fraction of the soybean nodule cytosol contains Fe  
capable of catalyzing free radical production through Fenton chemistry. A large portion of  
the pool of catalytic Fe, measured as bleomycin-detectable Fe, was characterized as  
complexes of Fe with phenolic compounds of three classes: phenolic acids, cinnamic acids,  
and flavonoids. Many of these compounds, along with other phenolics present in legume  
tissues, were used for a systematic structure-activity relationship study. All phenolics tested 
were able to chelate Fe, as judged from their inhibitory effect on site-specific deoxyribose  
degradation (minus EDTA assay). However, only those having catechol, pyrogallol, or  
3-hydroxy-4-carbonyl groupings were potent chelators and reductants of Fe3+ at pH 5.5.  
The same phenolics promoted oxidative damage to DNA (bleomycin assay) and to  
deoxyribose (plus EDTA assay), but inhibited linolenic acid peroxidation by chelating and  
reducing Fe3+ and by neutralizing lipid radicals. Also, phenolics having a pyrogallol  
nucleus attenuated the free radical-mediated inactivation of glutamine synthetase, which was
used as a model system, by chelating Fe2+.  It is reasoned that under the microaerobic (10- 
20 nM O2) and acidic (pH 5.5-6.4) conditions prevailing in nodules, phenolics are likely to  
act primarily as antioxidants, decreasing oxidative damage to biomolecules.  
  
Keywords  Antioxidants, Iron chelates, Legume nodules, Oxidant damage, Oxidative stress,
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INTRODUCTION 
 
Legume N2 fixation is the process by which atmospheric N2 is reduced to NH3 in the  
nodule bacteroids at the expense of the energy and reducing power derived ultimately from  
the oxidation of plant photosynthates. N2 fixation requires powerful reducing conditions  
which are found in the central region of nodules, and this leads to problems related with the  
formation of activated O2. Fortunately, legume nodules possess a vast array of defenses  
which include large concentrations (1-2 mM) of ascorbate (ASC) and glutathione (GSH), as 
well as high levels of many antioxidant enzymes, including catalase in peroxisomes and the 
ASC-GSH cycle in the cytosol.1-3 These antioxidant defenses may prevent oxidative  
damage of essential components of the N2-fixing system, such as the lipids of symbiosome 
membranes and the proteins nitrogenase, leghemoglobin, and glutamine synthetase.1,4 
 The antioxidant enzymes of nodules have been studied in fine detail,1 but little is known 
about the mechanisms by which activated O2 species, especially the hydroxyl radical (.OH), 
are generated. Thus, the superoxide radical (O2-) and hydrogen peroxide (H2O2) originate  
through the respiration of bacteroids and mitochondria, but also by the oxidation of some  
important O2-sensitive proteins of nodules and by the autoxidation of leghemoglobin. On  
the other hand, the generation of .OH from H2O2 in living systems requires the presence of  
trace amounts of transition metal ions, especially of Fe.5 This so-called 'catalytic Fe'  
represents the Fe potentially available for generating .OH and other highly reactive O2  
species through Fenton chemistry. Because .OH is extremely short-lived and will react with 
most molecules at near-diffusion controlled rates,  most oxidative damage is expected to  
occur at or near the metal-binding site.5 Consequently, the characterization of the pool of  
'catalytic Fe' in plant or animal tissues is important, and more so because the catalytic  
properties of Fe will depend on the nature of the chelator binding the Fe.6,7 This was  
demonstrated for citrate, ADP and ATP, which are presumptive physiological Fe  
chelators.8-10 
 In this respect, the situation is particularly problematic in the nodules because they  
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contain high amounts of catalytic Fe in the form of low-molecular-mass chelates and  
because the Fe-dependent formation of .OH was detected in vivo.11 In this work, we have  
initiated a systematic investigation of the pool of catalytic Fe of soybean nodules. Using the 
bleomycin assay12 to quantify catalytic Fe and the property that a large portion of the  
compounds associated with catalytic Fe was retained by a strong anion-exchange resin,11  
we purified and identified these compounds as phenolics of several classes. It was confirmed
then that the phenolics from soybean nodules, along with those from other legume tissues,  
were able to chelate Fe and to act as prooxidants in the bleomycin assay. Because several  
flavonoids and other polyphenols had been reported as antioxidants against lipid  
peroxidation13,14 and because phenolics had been seldom considered as Fe chelators,13 we 
conducted a detailed investigation on the relationships between the molecular structures of  
phenolics and their capacity to chelate and redox-cycle the Fe, and to modulate Fe- 
dependent free radical reactions. It was found that, depending on the target molecule and on 
the assay conditions, phenolic compounds stimulated or inhibited the oxidative attack of  
sugars, DNA, lipids, and proteins. The physiological significance of these findings is  
discussed in light of the abundance of phenolics in plant tissues15,16 and the toxicity of  
catalytic Fe and free radicals toward biological systems.5,17,18 
 
 
MATERIALS  AND  METHODS 
 
Chemicals  
 Chelex-100 (Na+ form; 200-400 mesh) and AG1-X8 (Cl- form; 200-400 mesh) resins  
were purchased from Bio-Rad (Hercules, CA), and Sep-Pak C18 cartridges from Waters  
(Milford, MA). H2O2 and HCl were from Aldrich (Milwaukee, WI), and HPLC-grade  
organic solvents from Panreac (Barcelona, Spain) or Lab-Scan (Dublin, Ireland). Butin was 
purified by HPLC from refluxed butein, whereas apigenin-7-O-glucoside, kaempferol-7-O 
-neohesperidoside, and gossypin were obtained from Indofine (Belle Mead, NJ). All other  
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chemicals and biochemicals were from the Sigma Chemical Co. (St. Louis, MO). Ultrapure 
distilled water, obtained through a Milli-Q system (Millipore, Milford, MA), was used in the
study. To avoid contamination with adventitious Fe, all solutions were treated with Chelex,  
and all material used in the experiments was disposable (plastic) or HCl-washed (glass).  
 
Plant material and fractionation of extracts  
 Root nodules (2 kg) were harvested from field-grown soybean (Glycine max  Merr.)  
plants and stored at -80C until used. Batches of 250 g of nodules were thoroughly washed  
with cold tap water and then with ultrapure water; finally, they were ground at 0-4C with  
200 ml of ultrapure water (final pH 6.4) using an Omni-mixer (Sorvall, Wilmington, DE)  
set at full speed with three 1-min pulses and 1-min breaks. The homogenate was squeezed  
through eight layers of cheesecloth and centrifuged at 30,000 x g  for 20 min. The  
supernatant was filtered sequentially through YM-10 and YM-1 membranes (Amicon,  
Beverly, MA), and the filtrate was freeze-dried. The yellow powder (1.5 g) was dissolved in 
6 ml ultrapure water and loaded onto a strong anion-exchange column (0.7 x 2.8 cm;  
AG1-X8). After eluting the neutral molecules and cations with water and the loosely-bound 
anions with 0.01 M to 0.6 M HCl, the compounds of interest were eluted from the column   
with 14 x 3 ml of 4 M HCl at a flow rate of 0.4 ml/min. Each 3-ml fraction was lyophilized 
and the content resuspended in 3 ml of water. Fractions were lyophilized again and their  
contents were pooled using, in total, 0.5 to 1 ml of 50% methanol. 
 
Total iron and catalytic iron concentration  
 Total Fe and catalytic Fe were quantified in the fractions eluted from the anion-exchange
column. Total Fe was measured by the ferrozine method.19 The reaction mixture comprised 
0.4 ml of 100 mM K-phosphate buffer (pH 7.0), 0.2 ml of sample, 0.3 ml of 5.7 mM ASC,  
and 0.1 of ferrozine reagent (6.1 mM ferrozine and 14.4 mM neocuproine in slightly  
acidified water). The absorbance at 562 nm was read using controls lacking ASC (for each  
sample) or sample (general control). Standards of FeCl3 in the range of 1 to 100 mM were  
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used. 
 The concentration of catalytic Fe was estimated by the bleomycin assay,12 essentially as
described by Evans and Halliwell.20 The reaction mixture contained, in a final volume of  
1 ml, the following reagents: 500 mg DNA, 50 mg bleomycin, 5 mM MgCl2, 37.5 mM  
Na-phosphate buffer (pH 7.3), 25 ml sample, and 100 mM ASC. After incubation at 37C for 
2 h, the reaction was stopped by adding 0.1 ml of 0.1 M EDTA. The color was developed by
adding 1 ml of 2-thiobarbituric acid [1% (w/v) in 50 mM NaOH] and 1 ml of 25% HCl,  
followed by heating in a water-bath maintained at 80¡C for 15 min. The chromogen formed 
was extracted into 3 ml of 1-butanol, and the absorbance of the organic layer was measured 
at 532 nm. Controls omitting the sample (general control) or bleomycin (for each sample)  
were run in the same way, and standards of FeCl3 in the range of 1 to 10 mM were used.20 
 
Purification and structural analyses of compounds  
 Compounds were purified with an HPLC system (Waters) consisting of two  pumps  
(mod. 510) and a photodiode-array detector (mod. 996), controlled by software Millenium.  
Purification consisted of two steps: mBondapak-Phenyl column (300 x 7.8 mm; Waters)  
with water/methanol/acetic acid (77/18/5) at 1.3 ml/min; and Aminex column (HPX-87H;  
300 x 7.8 mm; Bio-Rad) with 10 mM HCl (containing 0 or 10% acetonitrile as organic  
modifier) at 0.6 ml/min. Chemical structures and purity of compounds were ascertained  
according to the UV spectra in neutral (80% methanol) and ionized (+0.1 M NaOH) form;  
coelution with standards on two different HPLC columns and solvent systems; hydrolysis  
with acid (2 M HCl, 100¡C, 1 h), alkali (1 M NaOH, room temperature under N2, 1 h), or  
enzymes (β-glucosidase); and mass spectrometry (MS).  
 
Mass spectrometry   
 Electrospray MS and electron impact GC-MS were performed on a Finnigan (San Jose, 
CA) TSQ 700 triple quadrupole mass spectrometer at the Centro de Investigación y  
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Desarrollo-CSIC, Barcelona, Spain. For single and tandem electrospray MS, the Finnigan  
electrospray/atmospheric pressure chemical ionization source was used. For tandem  
electrospray MS, a precursor ion was selected in the first analyzer of the triple stage mass  
spectrometer. For GC-MS, the Finnigan module was coupled to a Varian gas  
chromatograph, and the compounds were derivatized with bis-trimethylsilyltrifluoro-
acetamide and separated in a methyl silicone column (Ultra 1, Hewlett-Packard).  
High-resolution fast atom bombardment MS was performed at the Center for Mass  
Spectrometry, University of Nebraska.  
 
Iron-reducing activity 
 The capacity of compounds to reduce Fe3+ was assessed by a modified ferrozine  
method.21  The reaction mixtures comprised 50 mM Na-acetate (pH 5.5) or 50 mM Mops  
(pH 7.0), 1 mM ferrozine, 25 µM (pH 5.5) or 400 µM (pH 7.0) compound, and 100 µM  
FeCl3, in a final volume of 1 ml. Compounds were dissolved in water except 14 and 15  
which were dissolved in 80% ethanol when assayed at pH 7.0. After adding the compound,  
the absorbance at 562 nm was set to zero; then, the reaction was started by addition of FeCl3
and the increase of absorbance after 3 min was recorded using controls lacking the  
compound (general control) or ferrozine (for each compound). 
 
Oxidative damage to biomolecules  
 Free radical-mediated degradation of DNA, deoxyribose, and linolenic acid was measure
d as production of 2-thiobarbituric acid-reactive substances (TBARS). Bleomycin-dependent
 DNA damage12 was quantified essentially by a modified method described by Aruoma et  
al.22  Reaction mixtures were prepared by adding, in the order stated and in a final volume  
of 1 ml, the following reagents: 200 µg DNA, 50 µg bleomycin, 20 µM FeCl3, 5 mM  
MgCl2, 20 mM Na-phosphate buffer (pH 5.8 or 7.4), and 75 µM of compounds. The  
reaction was started by addition of the compound. After incubation at 37C for 1 h, the  
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reaction was stopped and the chromogen was formed as described for the bleomycin assay  
used to quantify catalytic Fe. In this case, however, the chromogen was not extracted with  
1-butanol, and the absorbance at 532 nm was measured using controls lacking Fe (general  
control) or bleomycin (for each sample). 
 Deoxyribose degradation was measured in the absence or presence of EDTA. The  
-EDTA assay was performed by adding, in a final volume of 1 ml, the following reagents:  
10 mM Na-phosphate buffer (pH 5.8 or 7.4), 1.5 mM deoxyribose, 1.5 mM H2O2, 300 µM  
compound, 50 µM FeCl3, and 450 µM ASC. After incubation at 37C for 30 min, the  
reaction was stopped by adding 0.1 ml of 0.1 M EDTA, and the chromogen was produced by 
adding 1 ml of 2-thiobarbituric acid [1% (w/v) in 50 mM NaOH]  and 1 ml of 2.8% (w/v)  
trichloroacetic acid, followed by heating at 80C for 15 min. The absorbance was measured at
 532 nm using controls lacking the compound (general control) or ASC (for each  
compound).   
 For the +EDTA assay, the reaction mixtures contained, in a final volume of 1 ml, the  
following reagents: 2.8 mM deoxyribose, 100 mM EDTA, 50 µM FeCl3, 2.8 mM H2O2, 10 
mM Na-phosphate buffer (pH 5.8 or 7.4), and 100 µM compound.22 EDTA and FeCl3 were
 premixed before addition to the reaction mixture. After incubation at 37C for 60 min, the  
chromogen was formed as indicated for the -EDTA assay, but without using EDTA to stop  
the reaction. The absorbance was measured at 532 nm using controls lacking the compound  
(general control) or deoxyribose (for each compound).   
 Lipid peroxidation was assayed by adding, in the following order,  10 mM Na-phosphate
 buffer (pH 5.8 or 7.4), 100 mM FeCl3, 100 mM compound, 100 mM ASC, and 0.7 mM  
linolenic acid (in ethanol), in a final volume of 1 ml. After incubation of the reaction mixture
 at 37C for 1 h, the chromogen was formed by adding 0.1 ml of 2% (w/v) butylated  
hydroxytoluene, 1 ml of 2-thiobarbituric acid [1% (w/v) in 50 mM NaOH], and 1 ml of 2.8%
(w/v) trichloroacetic acid, and subsequent heating at 80C for 15 min.  The chromogen was  
extracted with 1.5 ml of 1-butanol and the fluorescence of the organic layer was measured  
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with excitation at 532 nm and emission at 553 nm,22 using controls lacking the compound  
(general control) or ASC (for each compound).  
 The ability of compounds to promote or inhibit oxidative damage to proteins was  
assessed using the inactivation of glutamine synthetase from Escherichia coli as a model  
system. The inactivation mixture (100 ml) contained 5 mM Na-phosphate buffer (pH 5.8),  
25 µg glutamine synthetase (Sigma) and either 5 µM FeSO4 plus 100 µM compound or 50  
µM FeCl3 plus 200 µM compound. The Fe2+ salt and the compounds were premixed for 1 
min. After incubation at 37C for 30 min, 40 ml of the inactivation mixture was added to 480 
ml of the γ-glutamyltransferase assay mixture.23  After incubation at 37C for 1 h, the  
reaction was stopped and the remaining activity was determined using controls lacking Fe  
(general control) or the enzyme (for each compound). 
  
 
RESULTS 
 
Purification and identification of compounds  
 
The soluble fraction of soybean nodules contained complexes of Fe and small molecules  
(chelates) which promoted DNA damage in the bleomycin assay.24 A large portion of these 
Fe chelates was strongly retained on an anion-exchange column. The major compounds were
 eluted from the column and purified completely by two steps of HPLC. These compounds 
were identified as different types of phenolics by UV spectroscopy (spectra of the neutral  
and ionized forms), coelution with standards on HPLC (mBondapak-Phenyl and Aminex  
columns), hydrolysis studies (acid and alkaline hydrolyses; β-glucosidase), and MS (single  
and tandem electrospray-MS; high-resolution fast atom bombardment-MS; GC-MS).  
The phenolic compounds found in nodules were (numbers refer to the structures depicted in 
Figure 1): p-hydroxybenzoic acid (1), protocatechuic acid (3), gentisic acid (5), gallic acid  
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(6), methyl gallate (7), and vanillic acid (9). In addition, several phenolic acid derivatives (p-
hydroxybenzoic acid-4-O-β-glucoside, protocatechuic acid-4-O-β-glucoside, gentisic acid-5-
O-β-glucoside, vanillic acid-4-O-b-glucoside, and 4-O-lactylvanillic acid), a cinnamic acid  
(ether derivative of ferulic acid), and a flavonoid (butin-4'-O-β-glucoside) were found in  
nodules. However, these phenolics were purified at levels insufficient for an accurate  
analysis in vitro of their redox properties, and therefore they were not considered further in  
this study. 
 To investigate the antioxidant and prooxidant properties of phenolic compounds and to  
generalize our results to other plant tissues, we selected several phenolic acids, cinnamics,  
and flavonoids present in soybean nodules (1, 3, 5-7, 9), in other soybean tissues  
(2, 11, 13),25 or in other legumes (4, 12).26 The selected compounds showed an increasing 
number of hydroxyls at specific positions: for phenolic acids, 1→ 3 → 6 and 2=5 → 4→ 8;  
for cinnamic acids,  10 → 11; and for flavonoids, 14 → 15 → 16 (Fig. 1). The pH of the  
reaction mixture is important when studying the free radical properties of phenolics because 
it has a marked effect on the ionization of the carboxyl groups and on the redox potentials.27
Most frequently, those studies are performed at pH 7.4.14,28,29  Nodule pH is generally  
more acidic and we thus conducted additional assays at pH 5.5 (a reference value for  
assaying Fe3+ reducing activity)21 or 5.8 (a physiological value for legume nodules).30 
 
Iron reduction 
 Reduction of Fe3+ ions by phenolic compounds was monitored using ferrozine, a  
reagent that avidly binds Fe2+ forming a complex with a very high extinction coefficient at 
562 nm.19,21 Using this technique, phenolic and cinnamic acids having a catechol  (3, 11, 1
2) or pyrogallol (6, 7) nucleus were found to reduce Fe3+ rapidly at pH 5.5 but, at most,  
very slowly at pH 7.0 (Table 1). As expected, ASC was a very good reductant at acid pH  
and, although to a lower extent, at neutral pH, whereas desferrioxamine did not reduce Fe3+ 
significantly at any pH. As for the flavonoids, compound 16 was a very good Fe3+  
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reductant, compound 15 was a relatively poor reductant, and compound 14 did not reduce  
Fe3+ at all. Consequently, in terms of conferring Fe3+ reducing activity, the 5-hydroxy-4- 
carbonyl system is inactive, the 3-hydroxy-4-carbonyl system is only weakly active, and the 
catechol group in the B-ring is very active (Fig. 1, Table 1). On the other hand, phenolic and 
cinnamic acids having a free carboxyl group were better reductants than the corresponding  
esters (compare 6↔7 and 11↔12), as was the o-dihydroxycinnamic acid compared to the  
corresponding o-dihydroxyphenolic acid (compare 11«3) (Fig. 1, Table 1).  
 
Deoxyribose degradation 
 The deoxyribose assay performed in the absence of EDTA is useful because it measures 
the oxidative damage to deoxyribose by the site-specific generation of hydroxyl radicals, and
 because it provides an indication that the compound chelates Fe3+. Thus  Fe3+ chelators  
will decrease the amount of thiobarbituric-reactive substances formed from deoxyribose as  
a result of Fe3+ removal from the sugar.31 All phenolic compounds tested chelated Fe3+  
both at pH 5.8 and 7.4, albeit the effect was more evident at pH 7.4 (Table 2).  
 The deoxyribose assay has been adapted to test the prooxidant properties of  
compounds.32 By omitting ASC and by including Fe3+ chelated to EDTA in the reaction  
mixture, prooxidant compounds will promote generation of hydroxyl radicals, which may  
escape scavenging by EDTA and cause degradation of deoxyribose to base propenals. Using
this technique, compounds 6, 7, 11, 12 and 16, which promoted DNA degradation, were also
very active in inducing deoxyribose degradation at pH 7.4 and less active or inactive at pH  
5.8 (Table 2). This stimulatory effect is attributable to the capacity of the compounds to  
reduce the poorly active EDTA-Fe3+ complex to the more active Fenton catalyst EDTA- 
Fe2+. Also as expected, ASC was more prooxidant at low pH whereas desferrioxamine  
largely inhibited the reaction. Surprisingly, compounds 4 and 8, which do not possess a  
catechol or pyrogallol nucleus and hence do not reduce Fe3+ at pH 7.4 (Table 1), greatly  
accelerated deoxyribose degradation at that pH (Table 2).  
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DNA degradation  
 Bleomycin forms a complex with Fe2+, which catalyzes DNA degradation in aerobic  
conditions. In the bleomycin assay used to quantify catalytic Fe,2 Fe2+ is replaced by Fe3+ 
plus ASC. Using a modified assay,22,32 we found that compounds 6, 7, 11, 12, 15, and 16  
induced DNA degradation at pH 7.4 and, to a lower extent, at pH 5.8 (Table 3). Because the 
bleomycin-Fe3+ complex itself is inactive in the assay,32 those phenolics that were  
reductants of Fe3+  accelerated DNA damage by converting the inactive complex into active
bleomycin-Fe2+. The reference compound, ASC, which was a much better reductant at low 
pH (Table 1), also caused more oxidative damage at pH 5.8, whereas desferrioxamine  
suppressed the reaction due to its strong capacity to chelate Fe3+ in a catalytically inactive  
form (Table 3). Although the ability to reduce the bleomycin-Fe3+ complex was critical for 
a phenolic compound to exhibit high prooxidant activity, this activity was strongly modulate
d by pH. Thus, the capacity of phenolics to reduce Fe3+ was considerably greater at pH 5.5  
(Table 1) but many of them (compounds 6, 11, 12, 15, 16) caused more DNA damage at pH 
7.4 (Table 3), the optimum of the bleomycin assay.20 In this respect, the behavior of  
compounds 3, 5, and 13 was also anomalous, showing significant Fe3+ reducing activity at  
pH 5.5 (Table 1), yet very low activity if any in inducing DNA degradation at  pH 5.8 and  
7.4 (Table 3).  
 
Lipid peroxidation 
 Linolenic acid micelles were used to study the effect of  phenolics on peroxidation. The  
reaction was initiated by a mixture of Fe3+ and ASC. The metal ion was strictly required, as 
evidenced by the complete inhibition of the reaction by desferrioxamine (Table 4). In this  
lipid system, only those compounds having catechol or pyrogallol groupings (6, 7, 11, 12,  
16) were clearly antioxidant, with the exception of compound 3, which did not inhibit  
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peroxidation. In general, the same pattern was observed at pH 5.8 and 7.4, but compound 4 
was prooxidant at pH 7.4 and antioxidant at pH 5.8, whereas compound 1 was antioxidant  
only at pH 7.4 and compound 14 was prooxidant only at pH 7.4 (Table 4). The distinct  
behavior of the three flavonoids tested deserves especial comment. Compound 16 was the  
most potent antioxidant of all phenolics tested whereas the other two flavonoids stimulated  
lipid peroxidation at pH 7.4 (Table 4).  
  
Protein damage 
 Glutamine synthetase and other key metabolic enzymes from bacteria, animals, and  
probably plants are inactivated by a variety of mixed-function oxidation systems, including  
those comprising either Fe2+ and O2, or Fe3+, a reductant, and O2.33 The mechanism of  
glutamine synthetase inactivation involves binding of Fe2+ to the catalytic center and  
subsequent oxidation of a nearby histidine residue by site-specifically generated free  
radicals.33 Using this property, we have investigated the ability of phenolic compounds to  
interfere with enzyme inactivation by using two assays. In the first one, Fe2+ and the  
phenolic were premixed and then added to the enzyme under defined conditions. Phenolics  
having a pyrogallol group (6, 7) had a significant antioxidant effect, whereas other strong  
Fe chelators (3, 11, 12, 16) had no effect (Table 5). Desferrioxamine was a potent inhibitor  
of glutamine synthetase inactivation, whereas ASC was strongly prooxidant (Table 5).  This 
suggests that Fe3+ is being produced in the inactivation mixture and that desferrioxamine  
inhibits enzyme inactivation by binding the Fe3+ whereas ASC promotes it by maintaining 
Fe as Fe2+. In the second assay, Fe was added to the reaction mixture in the form of Fe3+,  
the expectation being here that those phenolics capable of reducing Fe3+ would stimulate  
enzyme inactivation. Although this was certainly the case for compounds 3, 6, 11, 12, and  
16, other strong reductants were inhibitory (7, 15) and some compounds that were not  
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reductant (1, 2, 4, 8) promoted glutamine synthetase inactivation (Tables 1 and 5). As could 
be anticipated, desferrioxamine almost abolished the inactivation reaction whereas ASC had 
the contrary effect (Table 5).  
 
DISCUSSION 
 
Biological activities of legume phenolics 
 Phenolic compounds are very abundant in vascular plants and particularly in legumes,  
where they serve many useful functions including the control of seed germination and  
morphogenesis, insect feeding deterrence, and protection against pathogen attack.16,34  
Flavonoids are especially important in legumes since they act as signal molecules that  
induce expression of nod  genes in (Brady)rhizobium  as the first step towards nodule  
formation and symbiotic N2 fixation.34-36 Flavonoids and other polyphenols have been  
attributed also a role as antioxidants, mainly due to their ability to inhibit lipid  
peroxidation.37 This property has attracted much attention because of the potential  
applications of phenolics in the pharmaceutical and food industry.14,28,29,38 Here we will 
discuss the capacity of several phenolics from nodules and other legume tissues to promote  
or inhibit free radical-mediated reactions, depending on the target molecule. The relevance  
of these prooxidant and antioxidant properties to the plant, an issue that has been often  
overlooked, will be also addressed.  
 
Iron chelation and  reduction 
 All phenolics tested in this study were able to form complexes with Fe3+ according to  
the -EDTA assay of deoxyribose degradation (Table 2). This general chelating ability of  
phenolics is probably related to the high nucleophilic character of the aromatic rings rather  
than to specific chelating groups within the molecule. In contrast, the potent chelating  
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capacity of some phenolics has to be attributed to the presence of pyrogallol (6, 7), catechol 
(11, 12, 16), or 3-hydroxy-4-carbonyl (15, 16) groupings (Fig. 1). Using a different assay  
system, the competition of flavonoids and EDTA for Fe2+, Van Acker et al.39 have also  
shown that flavonoids containing a catechol group in the B-ring are good chelators of Fe2+. 
 The capacity of the indicated groups to chelate Fe3+ is generally well correlated with  
their ability to reduce Fe3+ at pH 5.5. In addition to the catechol and pyrogallol groups, the  
carboxyl group of phenolic acids and the acrylic group of cinnamic acids are important for  
the Fe3+ reducing activity, as can be inferred from the comparisons between phenolic and  
cinnamic acids with free or esterified carboxyl groups (Table 1). The Fe3+ reducing  ability 
of cinnamic acids may lie in the fact that the conjugation of the acrylic group with the  
aromatic ring facilitates the oxidation to the corresponding o-quinone.27 On the other hand,  
the significantly higher capacity of phenolics to reduce Fe3+ at  pH 5.5 relative to pH 7.0  
may reflect the pH dependence of their redox potentials. At pH 4.7, the reducing power  
follows the order 11>12>6>3>9>10>1 and increases at even lower pH values.27 The  
reducing power is correlated with the ability of compounds to release Fe2+ from ferritin21  
and, approximately, with their ability to reduce Fe3+ at pH 5.5.  
 The capacity of phenolics to chelate and reduce Fe3+ is of physiological interest. Thus,  
legume nodules contain as much as 0.2 to 1.8 mg of flavonoids per g fresh wt36 and  
probably much higher concentrations of other phenolics. Many of them, including  
compounds 6 and 7 (this work), flavonols and flavolans,36 are polyhydroxylated, will bind  
tightly Fe2+ or Fe3+, and will reduce Fe3+. Indeed phenolics may be added to the list of  
reductants that are present at high concentrations in nodules since ASC and GSH are  
typically found at 1-2 mM2,3 and the estimated concentrations of phenolics are in the range 
of  0.4-4 mM.36 Thus, the large amounts of phenolics, as is normally assumed for ASC and 
GSH, may contribute to keep the highly reducing conditions needed for active N2 fixation  
and to keep Fe in the Fe2+ state, which is stable because of the microaerobic conditions  
(10-20 nM O2)1-3 and the slightly acid pH of nodules.30  The findings that phenolics  
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promote the reductive release of Fe2+ from (phyto)ferritin21 and  can quickly reduce any  
Fe3+ added to leaf extracts40 strongly suggest that phenolics with catechol and pyrogallol  
groups can act as powerful reductants in nodules and leaves. Finally, the ability of phenolics 
to chelate Fe3+ and Fe2+ in a safe, catalytically-inactive form can be also an important  
mechanism of nodules and other plant tissues to prevent lipid peroxidation (see below). 
 
 Prooxidant  and antioxidant  properties 
 The complexes between phenolics and Fe3+ are expected to have some prooxidant  
effects because so far only one plant chelate, phytic acid, by virtue of occupying all Fe3+  
coordination sites, has been reported  to be inactive as Fenton catalyst.41 Indeed these  
prooxidant effects were observed since phenolics having catechol, pyrogallol, or  
3-hydroxy-4-carbonyl groupings, which chelate Fe3+ strongly, also catalyzed the  
Fe-dependent damage of DNA in the presence of bleomycin at pH 5.8 and 7.4 (Table 3), as 
well as the Fe-dependent damage of deoxyribose in the presence of EDTA at pH 7.4 (Table 
2). The latter prooxidant effect is probably related to the facts that the chelation with EDTA 
and the pH of the assay medium affect the redox and solubility properties of Fe28 and that  
phenolics may interact with the O2- and .OH radicals generated during the reaction.10,28 
 However, the same phenolics that promoted DNA and deoxyribose degradation were  
clearly antioxidants toward lipid peroxidation (Table 4). This observation cannot be  
generalized because other phenolics that  stimulated DNA (15) or deoxyribose (4)  
degradation also increased lipid peroxidation; therefore, the presumptive antioxidant  
capacity of a phenolic in a lipid system should be always confirmed. Our results indicate that
at least two mechanisms are contributing to the antioxidant effect of phenolics in lipid  
systems. A first mechanism is the ability of phenolics to neutralize lipid radicals by donating
hydrogen atoms to them.28,38,42 The resulting phenoxy radical is poorly reactive and  
eventually stabilizes by resonance.41 Accordingly, the antioxidant capacity of a phenolic  
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will increase with the number of free hydroxyls and with conjugation of the side chain to the
aromatic ring. In general, our data support this hypothesis. Thus, the cinnamic acids (11, 12) 
and the flavonoid (16) having catechol groups were potent antioxidants; in contrast, phenolic
acids (6, 7) required a pyrogallol nucleus for antioxidant capacity. It is quite likely that the  
presence of catechol or pyrogallol groups facilitates donation of hydrogen atoms and, along 
with the conjugation of the acrylic chain, increases resonance stabilization of the resulting  
phenoxy radical. A second mechanism for the antioxidant activity of phenolics would be  
related to their capacity to chelate Fe3+ and Fe2+, which may restrict the interaction of the 
metal ion with membrane lipids.  
 Although the effects of phenolics on protein damage, estimated as Fe-dependent  
inactivation of glutamine synthetase, are less clear-cut than in the case of lipid peroxidation, 
some conclusions can also be drawn. Thus, those phenolics that were powerful chelators and
reductants of Fe3+, with the exception of compound 7, stimulated enzyme inactivation in  
the Fe3+ assay, presumably by reducing Fe3+ to Fe2+ because specific binding of the  
divalent metal ion to the catalytic site is required for inactivation.33 In the Fe2+ assay,  
compounds 6 and 7 inhibited enzyme inactivation by chelating Fe2+, thus decreasing the  
amount of this ion that binds to the active site.   
 The capacity of phenolics to inhibit, or in some cases to stimulate, the free radical- 
mediated oxidative damage of important biomolecules has important physiological  
implications, although several aspects have to be considered. On the first place, phenolics  
that are potent chelators and reductants of Fe3+ do promote damage to DNA and  
deoxyribose but only when bleomycin and EDTA are present. These prooxidant effects  
certainly suggest that phenolics may increase oxidative damage in vivo, and are ascribed to  
the ability of phenolics to reduce the rather inactive bleomycin-Fe3+ and EDTA-Fe3+  
complexes.20,22 In the absence of bleomycin, damage to DNA does not occur, and, in the  
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absence of EDTA, damage to deoxyribose is in fact diminished due to chelation of Fe2+ by 
phenolics. Although the prooxidant effects of phenolics have indeed important consequences
for human health and food industry because bleomycin is used as antitumoral agent and  
EDTA as food additive,22,28,32 they are unlikely to be relevant in nodules and leaves,  
where Fe is present mostly as Fe2+ due to the abundance of reductants2,5 and of a Fe3+  
reductase in leaf cell membranes.42 Rather, the known prooxidant (mutagenic and  
carcinogenic) effects of some flavonoids and other polyphenols43 are probably related to the
ability of these compounds to bind DNA by intercalation.44  
 In contrast, the fact that the same phenolics were potent inhibitors of lipid peroxidation  
and protein inactivation is of considerable interest for the functioning of nodules and other  
tissues. According to our results (Table 4), phenolics having catechol or pyrogallol  
groupings are likely to act as powerful antioxidants within the range of pH 5.5-7.0 of plant  
tissues.30 The antiperoxidative activity of phenolics is modulated by their solubility  
properties. Many phenolics of nodules, including luteolin,35 are lipid-soluble and interact  
closely with membranes acting as chain-breaking antioxidants. Besides, polyhydroxylated  
phenolics are capable of chelating Fe, which in the presence of peroxides may give rise to  
reactive free radicals.10 However, these radicals are neutralized by the phenolics  
themselves,41 so avoiding oxidative damage to membrane lipids or proteins. The very high  
concentrations of flavonoids and other polyphenols in nodules (0.4-4 mM)36 and leaves  
(1-10 mM)37 and the very low concentrations at which phenolics effectively inhibit  
peroxidation (10-100 mM)37 provide strong support for a primary role of phenolics in  
protecting membranes in vivo. Indeed, several flavonoids were found to inhibit lipid  
photoperoxidation and carotenoid photobleaching by scavenging O2- and singlet O2 in  
isolated chloroplasts.37 
 In conclusion, phenolics that actively reduce Fe3+ do stimulate DNA and deoxyribose  
degradation in the presence of bleomycin and EDTA. These assays are useful to establish the
ability of phenolics to chelate and reduce Fe3+ and have important applications for the  
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pharmaceutical and food industries; however, they cannot be used to predict a prooxidant  
effect in plants. Quite the contrary, phenolics having catechol and pyrogallol groupings, such
as many flavonoids and other polyphenols, are potent antioxidants in lipid systems.  
Nevertheless, the antioxidant capacity of a particular phenolic has to be verified at the  
relevant pH since in this study some phenolics were found to stimulate lipid peroxidation  
and this effect was pH-dependent. The abundance of polyhydroxylated phenolics in legume 
nodules and leaves, their strong Fe3+ chelating and reducing activities, and the very low  
doses at which they exert their antioxidant action, along with other published data, are all  
indicative that phenolics have a primary role as antioxidants in vivo by destroying free  
radicals and by sequestering Fe in a safe, catalytically-inactive form.  
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Legends for Figures: 
 
 
Fig. 1. Structures of plant phenolics used in this study.  Glc=glucose; Nh= neohesperidoside.
 1, p-Hydroxybenzoic acid, R4=OH. 2, Salicylic acid, R2=OH. 3, Protocatechuic acid, R3= 
R4=OH. 4, g-Resorcylic acid,  R2=R6=OH. 5, Gentisic acid, R2=R5=OH. 6, Gallic acid,  
R3=R4=R5=OH. 7, Methyl gallate, R1=CH3, R3=R4=R5=OH. 8, 2,4,6-Trihydroxybenzoic 
acid, R2=R4=R6=OH. 9, Vanillic acid, R3=OCH3, R4=OH. 10, p-Coumaric acid, R9=OH. 
11, Caffeic acid, R8=R9=OH. 12, Chlorogenic acid, R7=quinic acid, R8=R9=OH. 13,  
Ferulic acid, R8=OCH3, R9=OH. 14, Apigenin-7-O-glucoside, R11=R15=OH, R12=OGlc. 
15, Kaempferol-7-O-neohesperidoside, R10=R11=R15=OH, R12=ONh. 16, Gossypin,  
R10=R11= R12=R14=R15=OH, R13=OGlc. 
 
 
